Abstract The effects of /3-adrenergic agonists on pHi were studied on single ventricular myocytes isolated from adult rat heart and loaded with the acetoxymethyl ester (AM) form of the pH indicator SNARF-1. In modified Krebs' solution containing 20 mmol/L HEPES and 4.4 mmol/L HCO3-, isoproterenol (1 /lLmol/L) caused a significant decrease of steadystate pHi from 7.20±0.02 to 7.13±0.02 (mean±SEM) within 2 minutes. This acidification, which was also observed in myocytes that were preloaded with the Ca 2 chelator BAPTA and superfused with nominally Ca2'-free solution, was blocked by propranolol as well as by the specific 8,-antagonist CGP 20712 A but not by the $3-antagonist ICI 118,551. Forskolin (10 ,mol/L) induced a similar reversible decrease of pH, (average decrease, 0.11±0.02 pH unit). Furthermore, adenosine (100 ,umol/L) substantially attenuated the isoproterenol-induced decrease of pHi. The effect of isoproterenol was not prevented by inhibitors of the Na+-HW antiport, amiloride (1 mmol/L) and 2-N,N-hexamethylene amiloride (20 tmol/L). On the other hand, blockers of Cl-transport mechanisms, DIDS (200 ,umol/L) and probenecid (100 ,mol/L), inhibited this acidification. Isoproterenol also failed to induce a decrease of steady-state pH1 in myocytes incubated in Cl--free medium. Rather, the initial rate of rise of pHi observed on removal of external Cl-ions was significantly increased in the presence of isoproterenol or dibutyryl cAMP. Because the alkalinization induced by removal of Cl-ions is mainly due to reversal of the Cl--HCO3-exchanger, the augmentation of this initial rate of pH, rise directly points to a /-adrenergic stimulation of the exchanger. Furthermore, the pHi recovery following NH4Cl exposure was accelerated by isoproterenol in the presence of probenecid, indicating that the Na+-HCO3, cotransport and/or the Na+-H+ antiport also could be activated. In conclusion, the present results demonstrate that ,B-adrenergic agonist-induced acidification of rat ventricular myocytes occurs mainly through alteration of Cl-transport systems, most likely via a cAMP-dependent stimulation of the ClW-HCO3-exchanger. Since the alkalinizing mechanisms are also stimulated, an increased apparent cellular buffering capacity is expected. (Circ Res. 1994;75:862-869.) Key Words * acidosis * fluorescence * Cl--HCO3 an intracellular acidification that was nearly abolished after the inhibition of glycolysis and partly reduced in the presence of Na+-H+ exchange blockers.16 The authors therefore concluded that ISO induced metabolic acidosis together with a partial inhibition of the Na+-H+ exchange. On the other hand, such an effect of enhanced metabolic activity could not be detected in guinea pig isolated ventricular myocytes, although a small inhibition of the Na+-H+ antiport was also observed.12 Furthermore, this latter study demonstrated that ,B-adrenergic agonists also caused an activation of the Na+-HCO3-cotransport, thereby leading to an opposite effect on acid extrusion.
tiport,'-4 the Na'-HCO3 symport,5'6 and the Cl-HCO3-exchanger.7'8 One should also mention the possible presence of the Na+-dependent Cl--HCO3-exchanger, as observed in cultured chick heart cells. 9 Under normal conditions, the three Na+-dependent ion transporters would be responsible for the maintenance of a pHi level above that expected from passive distribution of H' ions, whereas the Na+-independent C1--HCO3-exchanger acts as an acidifying mechanism through extrusion of HCO3-ions. Steady-state pHi is therefore the result of a balance between the activity of these transporters, transmembrane acid and base leaks, and the metabolic production of acids.
It is also well known that important neurohormonal regulation of pHi can occur through modulation of these exchangers. For instance, a1-adrenergic receptor stimulation in cardiac myocytes engenders intracellular alkalinization by activation of the Na+-H+ exchanger. [10] [11] [12] Similarly, previous work from our laboratory13 demonstrated that the Cl--HCO3-exchanger is strongly stim- an intracellular acidification that was nearly abolished after the inhibition of glycolysis and partly reduced in the presence of Na+-H+ exchange blockers. 16 The authors therefore concluded that ISO induced metabolic acidosis together with a partial inhibition of the Na+-H+ exchange. On the other hand, such an effect of enhanced metabolic activity could not be detected in guinea pig isolated ventricular myocytes, although a small inhibition of the Na+-H+ antiport was also observed. 12 Furthermore, this latter study demonstrated that ,B-adrenergic agonists also caused an activation of the Na+-HCO3-cotransport, thereby leading to an opposite effect on acid extrusion.
The Cl--HCO3-exchanger is another potentially important target for pHi regulation by ,B-adrenergic receptors. In other preparations, cAMP has been shown to modulate the anion exchanger, although the effects appear to vary extensively between tissues and species. Thus, the exchanger may be either stimulated,17"18 inhibited,19'20 or unaffected2' by intracellular cAMP. However, whether such modulatory effects occur in heart remains to be determined. The present study, which has been designed to assess the effects of ISO on pHi of ventricular myocytes isolated from rat heart, does demonstrate an activation of the Cl-HCO3-exchanger. The measurements of pHi were carried out in single cells loaded with the fluorescent indicator SNARF-1. They further show that this ISO-induced acidification occurs through 3,1-adrenergic receptors, is mimicked by forskolin, and is substantially attenuated by adenosine.
Materials and Methods
Cell Isolation and SNARF-1/AM Loading Cardiac ventricular myocytes were isolated from male Wistar rats from collagenase perfusions, as previously described. 22 After isolation, myocytes were first allowed to attach to small glass coverslips, previously coated with 10 gg laminin, by incubation for 1 hour at 37°C in HEPES-buffered solution supplemented with 0.5% bovine serum albumin (BSA). The loading of the acetoxymethyl ester (AM) form of the pHsensitive fluorescent dye SNARF-1 consisted of a 20-to 30-minute incubation of the myocytes at room temperature in the BSA solution containing 5 ,umol/L SNARF-i/AM previously dissolved in dimethyl sulfoxide (DMSO) and 0.02% pluronic acid. The dye was then removed by replacing the incubation solution with fresh BSA solution. The cells were then incubated for at least another 30-minute period at room temperature to ensure complete hydrolysis of the ester form of the dye in the cells. In some experiments, the cells were also loaded with the Ca2' chelator BAPTA to buffer intracellular Ca'2 ions. In this case, loading was carried out immediately after SNARF-i/AM washout in a manner identical to that for SNARF-1, with the loading solution containing 25 gmol/L BAPTA/AM. pH Measurements in Single Cells pHi was monitored as described previously.13 Briefly, a coverslip containing the myocytes was transferred in a small bath placed on the stage of an inverted epifluorescent microscope. Continuous superfusion was performed by positioning close to the myocyte the end of a small capillary, which received the output of one of seven converging tubings, each connected to 60-mL reservoirs. This allowed fast changes (within 5 seconds) of superfusion solution with minimal dead space. The temperature of the solutions and microscope setup was maintained at 33°C for all the experiments.
Fluorescence measurements were carried out by illuminating a single cell with the light of a 100-W xenon lamp filtered at 514 nm and focused through a x40 immersion objective. Emitted light was separated at 605 nm by a dichroic mirror, and the two beams were filtered at 580 and 640 nm before detection by their respective photomultipliers. Analog signals from the photomultipliers were filtered at 10 Hz before acquisition by a tape recorder and a computer, which allowed the on-line calculation of the ratio of the two emitted wavelengths (640/580). Results presented in the present study are all chart recordings of this ratio. imnol/L HMA to further block the Na+-H+ antiport. As discussed below, the acidification caused by ISO under those conditions allows one to rule out the contribution of the Na+-H+ exchanger in this process. The present results demonstrate that stimulation of f-adrenergic receptors in rat cardiomyocytes induces an intracellular acidification that results from an activation of the Na+-independent ClW-HCO3-exchanger. The fact that this decrease of pHi was completely prevented by the highly specific 81-antagonist CGP 20712 A but not by the ,82-antagonist ICI 118,551 further supports the notion that ISO-induced acidification is entirely mediated by the 831-adrenergic receptor subtype. 29 The ISO-induced acidification is likely to occur through an increase of intracellular cAMP content, as demonstrated by three different approaches. First, the amplitude and time course of this acidification could be mimicked with the use of forskolin, a direct activator of adenylyl cyclase.30 Second, the decrease of pHi could be substantially attenuated by adenosine. It is indeed well recognized that one of the major effects of adenosine on ventricular cells is its inhibition of adenylyl cyclase activity and the consequent decrease of cellular cAMP level in preparations exposed to ,B-adrenergic agonists. 31 Our observation that adenosine did not affect basal pH, under control conditions, as also reported previously,'3 but caused an increase of pH, after exposure to ISO is consistent with this mechanism. This is analogous to the negative inotropic action of adenosine that occurs only on cardiac muscles that have been previously exposed to agents that induced an increase of intracellular cAMP content.3' Finally, the involvement of cAMP was also demonstrated by the use of dibutyryl cAMP, which stimulated the Cl -HCO3-exchanger by working in the reverse mode after removal of external Cl- (Figs 7 and  8) . The fact that we failed to detect a significant effect of this permeant cAMP analogue on steady-state pHi can be explained by its slow diffusion and, as discussed below, points to the involvement of secondary mechanisms with opposite effects that could also be modulated by intracellular cAMP.
ISO-Induced Acidification Is Not of Intracellular Origin
The observation that Cl-transport blockers as well as Cl-washout completely inhibited the ISO-induced acidification strongly suggests that this effect occurs through an alteration of sarcolemmal Cl-transport mechanisms. As such, possible sources of intracellular acidification including adrenergic stimulation of metabolic activity or induced changes of intracellular buffering capacity appear unlikely to represent major acidifying mechanisms under our experimental conditions. The former possibility has been recently suggested by Guo et al,16 who showed that ISO-induced acidosis in quiescent sheep Purkinje fibers was almost completely prevented by inhibition of glycolysis. Catecholamines are indeed well known to stimulate cardiac glycogenolysis32 and glycolysis,33 although the consequent effect on pHi remains to be established. As reviewed by Dennis et al,34 the metabolism of glucose or glycogen should not lead to a large increase of intracellular proton concentration under normal aerobic conditions. Furthermore, metabolic acidosis is likely to be minimal for quiescent cells in which the energy consumption normally associated with adrenergic-induced positive inotropy should be greatly reduced. In any case, conciliation of our results with the concept of significant enhancement of metabolic acid production would require one to invoke either (1) the fact that inhibition of transsarcolemmal Clmovement would somehow interfere with the adrenergic modulation of metabolic activity or (2) Our results strongly suggest that the major mechanism underlying p-agonist-induced acidosis in rat ventricular myocytes is a stimulation of the Cl -HCO3-exchanger. That this acidification was blocked by both DIDS and probenecid is already a strong indication of the involvement of this exchanger. It should be mentioned that the latter compound was used because of its reported specificity as an inhibitor of the Na+-independent exchanger in Vero cells. 27 However, its acidifying effect points to other alterations of proton movement, since selective inhibition of the Na+-independent C1--HCO3-exchanger should induce an alkalosis. In that regard, probenecid did not prove to be more specific than DIDS, which had similar effects on pH1. These results were confirmed by the absence of ISO-induced acidosis in myocytes incubated in Cl--free medium. Furthermore, the augmentation by ISO that about half of the Cl-efflux after its removal from the extracellular milieu would occur through the Cl-HCO3-exchange system. The increase of pHi observed on washout of extracellular Cl-could also be due to a transient stimulation of the Na+-dependent ClW-HCO3-exchanger, inasmuch as reversal of the transmembrane Cl-gradient should favor the outward movement of Clions. As such, the enhanced rate of alkalinization observed in cells exposed to ISO could be due to a stimulation of this exchanger. The presence of this exchanger in mammalian heart has been questioned by Vaughan-Jones and collaborators,5,6 who demonstrated the activity of a Cl--independent Na+-HCO3-cotransporter. Nevertheless, it was also shown that this Na+-dependent HCO3-entry was stimulated by ISO in guinea pig cardiac myocytes,12 and our results do not exclude this possibility. In fact, the observation that probenecid can reverse the effect of ISO on the rate of pHi recovery after NH4Cl washout (Fig 4C) directly pointed to the activation by ISO of some acid extrusion mechanism(s). A parallel stimulation of alkalinizing systems could also explain, at least partly, the apparent lack of effect of dibutyryl cAMP on steady-state pHi if one assumes that their activation at normal pH, occurs more slowly than that of the Na+-independent Cl--HCO3-exchanger. Contrary to ISO and forskolin, which induce a rapid rise of intracellular cAMP levels, the rate-limiting factor with dibutyryl cAMP would be its intracellular diffusion, thereby leading to a slow but concomitant stimulation of both Cl -HCO3 exchange mechanisms. In other words, ,B-adrenergic stimulation of both Na+-independent and Na+-dependent Cl-HCO3-exchangers can occur in rat ventricular myocytes, but the former one would initially prevail under our experimental conditions. This phenomenon would be similar to the action of arginine vasopressin in mesangial cells,36 which stimulates the three acid-base transporters but whose overall effect is an intracellular acidification.
Recent works from other laboratories suggested that the Na+-H+ antiport activity in guinea pig ventricular myocytes'2 as well as in sheep Purkinje fibers16 might be reduced by ISO. Such an inhibition could account for our observed acidification. However, the fact that the ISO-induced acidosis was larger than that caused by saturating concentrations of amiloride or HMA and its persistence in the presence of these two blockers readily suggest that inhibition of the Na+-H+ antiport does not play a major role in this decrease of pHi. It should be mentioned that most of our measurements were done at relatively high pHi levels. Under those conditions, the antiport should be largely inoperative,4 as demonstrated by the small acidifying effect of the blockers. However, we found, if anything, some evidence for a stimulation of the antiport, since at lower pHi values after NH4C1 washout, ISO accelerates pHi recovery in the presence of probenecid (Fig SC) .
In conclusion, the present experimental data strongly myocytes is the result of a stimulation of the ClW-HCO3- ,B-adrenergic agonists. It is conceivable that enhanced extrusion of HCO3-ions would alleviate the intracellular CO2 accumulation that occurs under adrenergic stimulation of the heart and/or allow the neutralization of the concomitant acid accumulation in the fourfold narrower intercellular space. Conversely, the possible parallel stimulation of the Na+-dependent HCO3-influx and/or the Na+-H+ antiport would confer to the working myocytes an enhanced effective buffering capacity, thereby allowing a more precise control of pHi for cells exposed to catecholamines. The latter possibility would be in line with results from pH measurements in intact heart,14'15 which indicated that norepinephrine as well as dibutyryl cAMP increased the effective buffering capacity of the heart exposed to hypercapnic conditions.
